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Abstract
We present application of a highly-scalable overlapping grid-based non-
conforming Schwarz-spectral element method (Schwarz-SEM) to study the
dynamics of rotating ellipsoidal particles. The current study is one of the
first to explore the effect of rotation on ellipsoidal particles using fully re-
solved simulations (direct numerical simulation). The rotating ellipsoidal
particles show substantial difference in the dynamics of the flow, when com-
pared against non-rotating particles. The difference is primarily due to pe-
riodic attachment and separation of the flow to the surface of the particle
for the rotating cases, which results in a higher drag on the particles when
compared to the corresponding non-rotating cases. The dynamics is also
different from a rotating spherical particle, where a steady shear layer de-
velops near the surface of the sphere. For the rotating ellipsoidal particles,
this mechanism results in a phase-difference between the position of observed
maximum and minimum drag, and the position of expected maximum and
minimum drag (i.e., maximum and minimum projected area). A similar
phase-difference is also observed for the lift acting on the rotating ellipsoidal
particles. The results presented here demonstrate the importance of explic-
itly modeling the shape and rotation of particles when we study the dynamics
of non-spherical particles. Finally, the study also validates the use of non-
conforming Schwarz-SEM for tackling problems in fully resolved particulate
flow dynamics.
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1. Introduction
Particle-laden flows are common to engineering systems such as environ-
mental flows (sediment transport in rivers) [1, 2], industrial systems (chem-
ical processing and oil pipelines) [3], and even inside the human respiratory
system [4]. While modeling particle transport in fluid flows, the particles
are often been assumed to be spherical. Though, this assumption has been
found to be invalid for an extensive range of natural and industrial processes
[5]. Nonspherical particle shapes in nature and industry are driven by design
needs [6, 7], different generation processes [8, 9], and evolutionary natural
selection [10, 11]. Substantial effect of particle shape on their dynamics and
movement has led to recent studies that explicitly account for non-sphericity
of the particle [5, 12, 13]. In this process, irregular shaped particles are often
idealized to ellipsoid, cylinder or cuboid [14]. In this paper, our goal is to
understand how the change in shape of a particle and its rotation impact the
flow around the particle and the forces experienced by the particle.
Historically, studies on dynamics of nonspherical particles have usually
focused on the drag force acting on the particle. In that context, Chhabra
et al. [15] compiled a definitive list of drag coefficient relationships, and
defined two approaches for drag coefficient relationships. The first approach
didn’t account for the shape or orientation of the particle [16, 17]. The
second approach accounted for the orientation of the particle, which led to
correlations that were established using direct numerical simulation (DNS)
based on the immersed boundary method [18]. Holzer and Sommerfeld [19]
took an approach in which they accounted for the shape of the ellipsoid,
using sphericity and crosswise sphericity, but did not account for orientation
of the particle.
The importance of orientation with respect to the background flow for
ellipsoidal (or any nonspherical) particles is underlined by the fact that
particle-transport in most natural and industrial systems is a combination
of particle translation and rotation [20, 5]. Particles in these systems could
rotate due to collision with other particles and the walls, or due to presence
of high vorticity and mean shear of the fluid. Thus, it is crucial to model the
shape and rotation of the particle for studying particle-laden flows.
Recently Zastawny et al. [21] have conducted DNS of nonrotating non-
spherical particles at different orientations and of rotating ellipsoids using an
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immerse boundary method. In [21], the authors show that the orientation of
nonspherical particles can have a significant impact on the drag and lift coef-
ficient of the particle, and also describe how the torque coefficient for rotating
nonspherical particles varies with the rotational Reynolds number. [21] how-
ever, does not sufficiently describe how the shape and rotation of nonspherical
particle impacts the flow around the particle and forces experienced by the
particle. Zastawny et al. have also compared their results against theoretical
expression derived under the Stokes flow assumption (Re << 1) by Happel
and Brenner [22]. Incidentally, the expression by Happel and Brenner has
been used extensively to study motion of inertial ellipsoidal particles [23, 24],
though recent studies have questioned its suitability especially for cases that
has particle Reynolds number (Re) greater than 10 [25, 26].
Ouchene et al. [25, 26] have also conducted DNS of flow across ellipsoidal
particles of different aspect ratios, at varying incident angles (orientations).
In [26], the authors have proposed correlations for drag and lift coefficnets
for a large range of Reynolds number and aspect rations. Despite being
a step in the right direction, their approach also does not account for the
dynamics induced by rotation of the particle, e.g. the Magnus-Robins effect
on a rotating spherical body/particle that results in an additional force on
it [27]. Experiments have also shown the importance of particle rotation in
enhancing turbulence in flow at even moderate Reynolds number [8], further
underlining the need to capture the effect of particle rotation on the flow.
One of the first systematic study for capturing the impact of parti-
cle rotation was done by Rubinow and Keller [28], who used the Stokes-
Oseen expansion to derive an approximate expression for lift on a rotat-
ing sphere (FL = piD
3ρΩ˜U∞/8) that is valid for flow in the Stokes regime
(Re = U∞D/ν << 1). D is diameter of the sphere, U∞ is the free-stream
(background) velocity, Ω˜ is the angular velocity of the sphere, ρ is density
of the fluid, and ν is the kinematic viscosity of the fluid. Tsuji et al. [29]
approximated the relationship CL = 0.4± 0.1Ω∗ between lift coefficient (CL)
and nondimensional rate of rotation (Ω∗ = Ω˜D/2U∞) using experimental
data valid for Ω∗ ≤ 0.7 and 550 ≤ Re ≤ 1600. Loth [30] approximated a
relationship for CL for a rotating sphere that correlated it with Re and Ω
∗ as
CL = Ω
∗
(
1− {0.675 + 0.15 (1 + tanh [0.28(Ω∗ − 2)]})
)(
tanh [0.18Re0.5]
)
.
With the increase of computing power, fully resolved simulations (DNS and
high-resolution LES) have become the primary tool to study the dynamics
of rotating particles. Dobson et al., Kim et al., and Poon et al. have done
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high-resolution LES and DNS calculations to study flow around a rotating
sphere for a range of Reynolds number and rotation rates [20, 31, 32].
A survey of the literature shows that there exists abundant data for flow
past rotating spherical particles and for flow past static nonspherical particles
at different orientations. There, however, is a need for a systematic study
that captures the impact of the shape and rotation of nonspherical particles
on the flow around them. In this paper, we will use DNS using an high-order
overlapping grid-based framework to demonstrate several new results. First,
we will show that the shape and rotation of the particle significantly impacts
the drag and lift forces experienced by the particle (e.g., the maximum drag
force experienced by a rotating ellipsoid is more than twice the drag force
experienced by a rotating sphere). Second, the rotation of the particle leads
to a phase difference between the location at which a particle experiences
maximum drag and the location at which the frontal area is maximum. This
phase difference is due to the interaction of the background flow with the
attached high-speed region moving from the leeward side to the windward
side of the particle. Finally, we also demonstrate that explicitly modeling
the particle rotation is essential for accurately capturing the impact of the
particle on the flow around it. We note that unlike some of the work in
existing literature, we do not seek to sweep a wide range of particle sizes
and rotational rates (or orientations) to develop correlations for drag and lift
coefficients. Instead, our goal is to systematically understand how the shape
and rotation of the particle impacts the flow around it to accurately model
thousands of arbitrary shaped particles in particle-laden flows.
Henceforth, the paper is divided into four major sections. In Section 2,
the numerical method and the setup for the simulations have been described,
particularly focusing on the moving nonconforming Schwarz-spectral element
method (Schwarz-SEM) framework. In Section 3 the simulation results are
discussed, first focusing on validation against existing DNS of a rotating
sphere [20], and then illustrating the results from the rotating ellipsoidal
cases. In Section 4, the combined effect of rotation and shape of the ellipsoid
on the drag and lift is discussed and compared with several nonrotating
configurations. Finally, the paper ends with a summary of the findings and
potential future avenues of research.
4
2. Methodology
2.1. Governing equations & problem setup
To understand the impact of the particle shape and rotation on the inter-
action of the particle with the background flow, we solve the incompressible
Navier-Stokes equations (INSE) using the spectral element method. The
nondimensional constant-density incompressible Navier-Stokes equations in
a given computational domain Ω(t) in lRd at time t are given by
∂u
∂t
+ u · ∇u = −∇p+ 1
Re
∇2u, (1)
∇ · u = 0, (2)
where u(x, t) and p(x, t) represent the velocity and pressure solution as a
function of position x ∈ lRd and time t, and Re = UL/ν is the Reynolds
number based on a velocity scale (U), length scale (L), and the kinematic
viscosity (ν). The solution of the INSE also depends on the initial and
boundary conditions, which we will discuss for our problem later. We note
that the solution u(x, t) and p(x, t) (and other functions such as the mesh
velocity) are a function of position and time, but we use u and p for brevity.
Following Dobson [20], we setup the numerical simulations such that the
rotation of axis of the particle is normal to the direction of the flow. Figure
1 shows that the background flow (U∞) is along the z-axis, and the particle
rotates at a constant angular velocity (Ω˜) around the x-axis. In Fig. 1, aj
represents the length of the principal axis of the sphere in jth direction, and
ax = ay = az for a sphere. The Reynolds number of the flow is Re = U∞D/ν,
where U∞ is the freestream velocity, D = 2az is the particle diameter, and ν
is the kinematic viscosity of the fluid. The nondimensional rotation rate of
the particle is determined as Ω∗ = 0.5Ω˜D/U∞.
We note that we set ax = ay = az = 0.5D for the sphere, and in order to
understand how the shape of particle impacts the dynamics of the flow around
it, we consider two different cases:ay = 0.25D and 0.75D. Additionally, in
order to validate our methodology, we consider the case with Re = 300 and
Ω∗ = 1 for a rotating spherical particle, which has been considered by others
in the past [20, 31, 32].
2.2. Domain decomposition
For a rotating spherical particle, the domain can be modeled with a single
static conforming mesh with Dirichlet conditions imposed on the surface of
5
Figure 1: Schematic showing the direction of the rotation of particle with respect to the
flow.
the sphere to model the effect of rotation. For arbitrary shaped nonspherical
particles however, this approach is not straightforward. Using a single static
mesh is also not feasible for our target application where we will model
hundreds of arbitrary shaped particles, each of whose rotation depends on
the dynamics of the flow around it. With this target problem in mind, we
model the domain with a single rotating particle using overlapping meshes
with the Schwarz-SEM framework. The advantage of this approach is that it
simplifies mesh generation, validates our method against a flow with complex
flow structures, and gives us insight into how the shape and orientation of a
rotating particle impacts the flow around it.
The Schwarz-SEM framework is based on the overlapping Schwarz method
[33, 34] for solving the incompressible Navier-Stokes equations using the spec-
tral element method, and has been discussed in detail in [35, 36, 37]. For
the flow past a rotating particle, we partition the domain into S = 2 over-
lapping subsets. A rotating interior mesh (Ω1 with E = 24, 576 spectral
elements) captures the flow around the particle, and it is overlapped with
a static background mesh (Ω2 with E = 41, 216), shown in Fig. 2. Fig-
ure 2 also indicate the domain dimensions in terms of the diameter of the
particle (D = 2az). The radial extent of the inner mesh is 2.25D and the
overlap width between the two subdomains is 0.25D. The background mesh
is periodic in x- and y-direction, and uniform inflow and outflow boundary
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Figure 2: Slice view of the rotating mesh used for modeling the rotating particle (red),
and the static background mesh (black).
conditions are imposed in the z-direction. Additionally, the inner mesh has
a moving boundary condition for the surface of the particle.
A key advantage of using the Schwarz-SEM framework for this problem is
that it simplifies mesh generation for arbitrary shaped particles, and allows
us to use spatial resolution in each mesh based on the physics of the flow in
that region. Here, since we can anticipate that there will be relatively fine
scale structures in the wake behind the particle, the mesh is denser in that
region as compared to everywhere else in the domain.
2.3. Schwarz-SEM framework with moving domains
In the Schwarz-SEM framework, we use the Arbitrary Lagrangian-Eulerian
(ALE) formulation [38] for representing the solution of the incompressible
Navier-Stokes equations in overlapping moving domains (meshes) with the
spectral element method (SEM).
The spectral element method (SEM) is a high-order weighted residual
method that was introduced by Patera [39] and has been used to solve a
variety of challenging fluid dynamics and heat transfer problems [40, 41, 42].
The basis functions in the SEM are tensor-products of Nth-order Lagrange
interpolants on the Gauss Lobatto Legendre (GLL) nodal points inside each
element. In our SEM-based formulation, we solve the unsteady INSE (1,2) in
the velocity-pressure form using semi-implicit BDFk/EXTk timestepping in
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which the time derivative is approximated by a kth-order backward difference
formula (BDFk), the nonlinear terms (and any other forcing) are treated with
kth-order extrapolation (EXTk), and the viscous and pressure terms are
treated implicitly. This approach leads to a linear unsteady Stokes problem
to be solved at each timestep, which is split into independent viscous and
pressure (Poisson) updates [43]. The SEM formulation for the incompressible
Navier-Stokes equations in a single conforming domain has been discussed in
comprehensive detail by Deville, Fischer, and Mund [44], and we provide a
summary of the formulation in [36].
The SEM was extended to the Schwarz-SEM framework for solving the
INSE in overlapping subdomains by Merrill [35]. In the Schwarz-SEM frame-
work, the solution to the INSE is advanced in time using the same approach
as that for monodomain SEM, with information exchange at each time-step to
ensure solution consistency in the subdomain overlap region. Figure 3 shows
an example of the domain Ω modeled using S = 2 overlapping subsets. As
we can see, use of overlapping subdomains introduces “interdomain bound-
aries”, namely the segments of the subdomain boundary ∂Ωs that are interior
to another subdomain, that require boundary data to be interpolated from
the corresponding overlapping subdomain. The interdomain boundaries are
∂Ω1I := ∂Ω
1 ⊂ Ω2 and ∂Ω2I := ∂Ω2 ⊂ Ω1 for this example and are highlighted
in Fig. 3(b).
The Schwarz-SEM framework described in [35] has been improved to solve
the incompressible Navier-Stokes equations in an arbitrary number of over-
lapping grids using the methodology described in [36]. The ALE formulation
for solving the INSE using the Schwarz-SEM framework on moving overlap-
ping meshes has been discussed in detail in a recent article by Merrill and
Pete [37]. The reader is referred to [36] and [37] for a detailed discussion on
the latest advancements to the Schwarz-SEM framework, and here we simply
summarize the key aspects that are relevant to the discussion in this article.
In the Schwarz-SEM framework, interdomain boundary data interpola-
tion is effected via findpts, a scalable high-order interpolation library that
is described in [45, 36]. This interpolation requires identification of location
of each grid point on ∂ΩsI inside the subdomain Ω
r that ∂ΩsI overlaps. For
moving domains, this identification must be done prior to each interpolation
if the location of ∂ΩsI has changed with respect to Ω
r. In our numerical
calculations for studying flow past a rotating particle, we use findpts to in-
terpolate interdomain boundary data between the rotating inner mesh and
the static background mesh at each time-step.
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Figure 3: (left to right) (a) Composite domain Ω (b) modeled by overlapping rectangular
(Ω1) and circular (Ω2) subdomains. ∂ΩsI denotes the segment of the subdomain boundary
∂Ωs that is interior to another subdomain Ωr.
With a mechanism for interdomain boundary data interpolation, the
solution to the INSE is advanced in time using a predictor-corrector ap-
proach. For the solution at discrete time tn, since the solution is only
known up to time tn−1, the predictor step solves the unsteady Stokes problem
with mth-order temporal extrapolation of the spatially-interpolated interdo-
main boundary data to maintain the temporal accuracy of the underlying
BDFk/EXTk time-stepper (m ≤ k). While this approach ensures high-
order temporal accuracy of u(x, tn) and p(x, tn), it is not stable and requires
Q corrector iterations1 [46]. Prior to each corrector iteration, the interdo-
main boundary data is interpolated between overlapping subdomains, and
the velocity and pressure solution is updated using the unsteady Stokes prob-
lem. With this predictor-corrector approach, described in [36] and [37], the
Schwarz-SEM framework maintains the spatial and temporal convergence of
the underlying SEM solver.
3. Results
3.1. Rotating Spherical Particles
As a first step towards validating the Schwarz-SEM framework for moving
meshes, we model a rotating sphere at Re = 300. Following Dobson, the
particle rotation is set normal to the flow direction, and the nondimensional
rotation rate is set to Ω∗ = 1. All the results presented in this paper were
1Numerical experiments show that for third-order temporal accuracy (i.e., m = 3),
Q = 1− 3 is typically sufficient to ensure a stable solution.
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Figure 4: (top) Isosurfaces of λvort colored by velocity magnitude, and (bottom) velocity
magnitude contours for flow over the rotating sphere.
obtained with the Schwarz-SEM framework where we used m = 3 for third-
order temporal accuracy of the solution and Q = 3 corrector iterations at
each time-step for stability. The results were spatially converged at N = 7.
Figure 4 shows isosurface of λ2 colored by velocity magnitude (top), and
the velocity magnitude contour for the aforementioned case. Isosurface of
λ2 shows the topology and geometry of the vortex core [47], illustrating the
coherent vortical structure generated behind the rotating particle. Figure 4
shows vortex shedding in the wake of the sphere, with the flow separating
around the point of least relative velocity between the sphere and the back-
ground flow. Rotation of the sphere makes the vortex shedding asymmetrical,
when compared against the non-rotating case.
Figure 5 shows flow around the rotating sphere, on a y-z plane passing
thorough the center of the sphere. We can observe in the velocity vector
plot in Fig. 5 that the rotating sphere pulls fluid from the leeward side
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to the windward side2, which is similar to the phenomena of added-mass
where fast-moving/accelerating particles are known to carry additional mass
of fluid around them [48]. Consequently, a shear layer forms between the
opposing flows of the fluid pulled by the rotating sphere and the background
flow (U∞) along the z-axis. With the shear layer instability growing behind
the sphere, we see vortex shedding about one sphere diameter downstream
of the sphere. This vortex shedding is also apparent in Fig. 4. Due to the
fluid being pulled from the leeward to the windward side and its interaction
with the background flow, a high pressure region forms at the bottom of
the sphere. This relatively high pressure region at the bottom along with
a relatively low pressure region on the top of the sphere leads to lift force
(along the y direction) on the sphere. Similarly, a high pressure region on
the windward side of the sphere, due to formation of a stagnation point, and
a low pressure region on the leeward side, due to the rotation of the sphere,
results in the form drag (along z direction) acting on the particle. The flow
structures that we see in Fig. 4 and Fig. 5 are similar to those reported by
Dobson [20] and others [31, 32].
Table 1 lists the lift coefficient (CLy), drag coefficient (CDz) and Strouhal
number (St) determined by the Schwarz-SEM simulations for the sphere at
Re = 300, and rotating at Ω∗ = 1 and 2. The results are compared with
Dobson et al. (and other literature for the case of Ω∗ = 1). The drag
coefficient was computed as CDz = 2Fz/(ρU
2
∞Ap), where Fz is the force on
the particle in the streamwise direction and Ap = piD
2/4 is the projected
area of the sphere. The lift coefficient is computed similarly using the lift
force. Table 1 shows that our results match the data from Dobson et al. to
within 1.5%.
3.2. Rotating Ellipsoidal Particles
Here, we extend the study to simulate two rotating ellipsoids. We consider
ellipsoid particles with different ratios of the y and the z axis. We keep
ax = az = 0.5D unchanged from the sphere in the previous section, and
modify ay = 0.75D for one particle and ay = 0.25D for the other. Thus, the
ratios of y and z axis for the two particles are 1.5 and 0.5. As before, the axis
of rotation is x, and the background flow is in the positive z direction. The
2The windward side refers to the side of the sphere which is facing the inflow, and
leeward side refers to the side that does not directly interact with the background flow.
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Figure 5: Slice view of the (left) velocity vector field and (right) pressure near the rotating
sphere.
computational meshes for these nonspherical (ellipsoid) particles have been
generated by morphing the inner mesh used for the spherical particle. This
morphing of mesh is straightforward to effect since the surface of the particle
is described as x2/a2x + y
2/a2y + z
2/a2z = 1. The morphed mesh was smoothed
to reduce the pressure iterations of the pressure-Poisson solver [49].
Figure 6 contrasts the two ellipsoids with the spherical geometry of the
preceding example. The position of the particles shown in Fig. 6 corresponds
to θ = 0◦, and θ increases from 0◦ to 360◦ as the particle rotates clockwise
around the x-axis. Initially, the calculations for the rotating ellipsoid (and
sphere) were conducted with a much coarser mesh resolution. These coarser
domains had a total of about E = 10, 000 spectral elements and used N = 7
(total grid-points is ≈ n = EN3 = 10000× 73 = 3.43 million). To check grid
independence, the resolution was increasingly raised to about E = 80, 000
(n = 27 million) spectral-elements. Between E = 10, 000 and E = 80, 000,
increasing the resolution did not substantially change the phase-averaged
drag and lift; though the time-series of instantaneous drag and lift was found
to get smoother with increase in resolution.
Figure 7 shows λ2 [47] for the three particles simulated in the current
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CLy CDz St
Ω∗ = 1
Schwarz-SEM 0.613 0.961 0.426
Dobson et al. [20] 0.610 0.961 0.423
Kim et al. [31] 0.596 0.931 0.424
Poon et al. [32] 0.605 0.964 0.427
Ω∗ = 2
Schwarz-SEM 0.589 1.019 0.243
Dobson et al. 0.582 1.012 0.240
Table 1: Comparison of lift coefficient (CLy), drag coefficient (CDz), and Strouhal number
(St) for the Schwarz-SEM calculations, with Dobson et al. and other existing literature.
Figure 6: Schematic showing the direction of the rotation of particle with respect to the
flow for different particles, and the three different particles considered here.
study. It is apparent from Fig. 7 that the structure of the vortices being shed
behind the ellipsoids is different from the structures that we had observed for
the sphere. The primary reason behind this difference is that unlike in the
flow over the rotating sphere, a steady shear layer never develops behind the
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(a) ax = ay = az = 0.5D
(b) ax = az = 0.5D, ay = 0.75D
(c) ax = az = 0.5D, ay = 0.25D
Figure 7: Comparison of λ2 iso-surfaces [47] (illustrating the topology ans shape of the
vortex core) for the three rotating cases simulated for the study.
ellipsoid. The flow keeps attaching and separating as the ellipsoid rotates,
which leads to multiple vortices being shed in its wake. The primary vortex
shedding mechanism is the interaction of the mean background flow with
the ellipsoid, which we had observed for the spherical particle as well. For
the ellipsoids, there is also a secondary mechanism due to the asymmetry
in shape. This mechanism will be clear through the discussion in the next
section.
Since the shape of the particle has changed, it is essential to consider what
area to use for computing the drag (and lift) coefficient, CD = 2F/(ρU
2
∞Ap).
For the case of drag in the streamwise direction, the choice of the frontal
area is straightforward. However, for the lift coefficient (normal to the di-
rection of the flow - y in Fig. 6), it is not clear whether the projected area
normal to the direction of the flow is the best choice. Using the frontal
area of the sphere (constant at piD2/4) indicates that decreasing ay increases
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the lift coefficient. However, using the actual frontal area of the ellipsoids
(time-varying due to rotation) indicates that decreasing ay decreases the lift
coefficient. Thus, instead of comparing the drag and lift coefficients, we com-
pare the nondimensionalized drag and lift forces to avoid any confusion and
inconsistencies.
Figure 8 compares the phase-averaged drag and lift on the three rotating
particles with θ. The drag and lift forces on the sphere are almost constant
in time because the flow is steady near the sphere surface. In contrast to
the sphere, we observe that the drag and lift vary in time for the ellipsoids,
and there is a phase-shift of 90◦ for the drag and lift time-series for the two
ellipsoids. This phase-shift is expected because the major principal axis of
the particle with ay = 0.75D is the minor principal axis for the particle with
ay = 0.25D. In Fig. 8, we have also indicated θ at which the frontal area
of the particles is maximum and minimum, using vertical golden- and green-
colored lines, respectively. An interesting observation from these results is
the a phase difference between the θ of maximum (or minimum) frontal area
and the θ at which the drag/lift is maximum (or minimum).
Table 2 lists the mean drag and lift forces on each particle for Re = 300
at Ω∗ = 1 along with the maximum and minimum drag and lift forces. As we
can see, increasing ay increases the mean drag on the particle, and similarly
decreasing ay decreases the mean drag. This increase/decrease is expected
due to change in the frontal area of the particle. Though, the maximum and
minimum drag registered for both the ellipsoidal particles is substantially
different from the sphere. This clearly shows the significant role a small
change in shape can have on the dynamics of the particle. On the other
hand, mean lift acting on the particles (FLy) has decreased for both the
ellipsoids in comparison to the sphere. Despite decrease in the mean lift, the
maximum lift felt by the ellipsoidal particles is almost twice the lift on the
sphere. This behavior of the drag and lift on the ellipsoidal particle is most
likely due to the repeated flow attachment and separation that occurs for the
ellipsoids. This mechanism will be discussed in the next section.
The results presented in Fig. 8 and Table 2 bring forth several key aspects
of the flow past a rotating particle. First, the change in shape of the particle
has a significant impact on the streamwise and transverse forces experienced
by the particle. Here, we observe that the maximum streamwise force on
the ellipsoid with ay = 0.75D is more than twice the force experienced by
the sphere. Second, the θ at which the ellipsoids experiences maximum and
minimum streamwise drag (FDz) and transverse lift (FDy), do not coincide
15
Figure 8: Comparison of the phase-averaged drag and lift with rotation angle (θ) for the
(left) spherical particle, and ellipsoids with (center) ay = 0.75D and (right) ay = 0.25D.
The dashed lines in the (center) and (right) plot indicate the mean values for the drag and
lift on each ellipsoid. The golden- and green-colored lines indicate the angles at which the
frontal area of the particle is maximum and minimum, respectively.
FLy [FLy,min, FLy,max] FDz [FDz,min, FDz,max]
ax = ay = az = 0.5D 0.240 0.379
ax = az = 0.5D, ay = 0.75D 0.226 [-0.048,0.505] 0.419 [0.146,0.676]
ax = az = 0.5D, ay = 0.25D 0.216 [-0.028,0.429] 0.327 [0.092,0.558]
Table 2: Comparison of lift (FLy) and drag (FDz) for the Schwarz-SEM calculations.
with the θ at which the frontal area is maximum or minimum. Third, as
expected, due to the symmetry in the shape of the particle, the drag and lift
time-series repeat after 180◦.
4. Discussion
In the following section, we discuss the results from previous section in
further detail in order to understand the underlying mechanism behind our
observations. For this, we will be focusing on one of the two ellipsoidal
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particles (ay = 0.75D), as the mechanism in general should be independent
of the size of ay. The discussion will illustrate the fundamental difference
between the flow over a sphere with an ellipsoid, and also emphasizes the
importance of modeling both the shape and rotation of a particle.
4.1. Effect of rotation and shape on drag and lift
Figures 9 and 10 show the variation of velocity-magnitude and pressure
around the ellipsoid (that has ay = 0.75D) on the y-z plane going through
its center, for different angles of rotation θ (measured clockwise from the axis
normal to the flow, as indicated in Fig. 6) ranging from 90◦ to 270◦. The
nine panels in the figures correspond to orientations of the particle at maxi-
mum (180◦) and minimum (90◦, 270◦) frontal-area (projected-area); and the
orientations for maximum lift (∼ 108◦), maximum drag (∼ 153◦), minimum
lift (∼ 200◦), and minimum drag (∼ 242◦). Additionally, Fig. 11 shows the
instantaneous velocity magnitude with vectors indicating the velocity field
for the angles corresponding to maximum and minimum drag and lift forces.
We note that the phase difference between the maximum/minimum drag
and the maximum/minimum projected-area is the same (Φ1D ≈ 27◦ − 28◦).
Though, similar phase-difference for maximum/minimum lift is Φ1L ≈ 18◦ −
20◦. The corresponding phase-differences for the second ellipsoid (ay =
0.25D) are, Φ2D ≈ 24◦−27◦ for drag and Φ2L ≈ 20◦−21◦ for lift. In rest of this
section, we will ascertain the mechanism that results in difference between
phase-difference for drag and lift. Though, the evolution of Φ due to change
in ay is not obvious, and more simulations will be required to tease out the
trend.
We observe that the rotation of the particle results in relatively high-speed
flow attached to the particle surface (see the high-velocity region indicated by
red in Fig. 9 and by the vector field in Fig. 9) being pulled from the leeward
side to the windward side of the particle. The attached flow pulled along the
surface of the rotating particle interacts with the background flow, resulting
in the change of high- and low-pressure zones on the particle surface. For
example, we observe in Fig. 10 that as the particle rotates past θ ≈ 90◦,
a low pressure zone is created on the top surface of the particle due to the
background flow going over the rotating particle. Simultaneously, a high
pressure zone forms at the bottom surface of the particle due to formation of a
stagnation point, resulting from the interaction between the background flow
and the opposing flow attached to the rotating particle surface. This results
in the particle experiencing maximum lift force at θ ≈ 108◦. Similarly, we
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observe that the particle experiences maximum drag force at θ ≈ 153◦ when
the pressure difference around the particle is maximum in the streamwise
direction.
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(a) θ ≈ 90◦ (b) θ ≈ 108◦(maximum lift) (c) θ ≈ 130◦
(d) θ ≈ 153◦(maximum drag) (e) θ ≈ 180◦ (f) θ ≈ 200◦(minimum lift)
(g) θ ≈ 220◦ (h) θ ≈ 242◦(minimum drag) (i) θ ≈ 270◦
Figure 9: Velocity magnitude around the particle on the y-z plane passing through the
center of the ellipsoid, at different θ for the ellipsoid with ay = 0.75D.
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(a) θ ≈ 90◦ (b) θ ≈ 108◦(maximum lift) (c) θ ≈ 130◦
(d) θ ≈ 153◦(maximum drag) (e) θ ≈ 180◦ (f) θ ≈ 200◦(minimum lift)
(g) θ ≈ 220◦ (h) θ ≈ 242◦(minimum drag) (i) θ ≈ 270◦
Figure 10: Pressure around the particle on the y-z plane passing through the center of the
ellipsoid, at different θ for the ellipsoid with ay = 0.75D.
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(a) θ ≈ 108◦(maximum lift) (b) θ ≈ 153◦(maximum drag)
(c) θ ≈ 200◦(minimum lift) (d) θ ≈ 242◦(minimum drag))
Figure 11: Slice view of the velocity magnitude with vectors indicating the velocity field
at different θ for the nonspherical particle with ay = 0.75D.
21
In Fig. 9-11, we also observe that due to the shape of the ellipsoid, a
steady shear layer never develops behind the particle, with the flow repeat-
edly separating from the bottom. This flow separation is not present in the
case of a rotating sphere, where a steady layer forms near the surface of the
particle.
Based on the results for the ellipsoids with ay = 0.75D and ay = 0.25D,
we observe that the average phase difference for maximum and minimum drag
is about 27◦ from the θ at which the frontal area is maximum and minimum.
Similarly, we observe that the average phase difference for maximum and
minimum lift is about 20◦ from the θ at which the frontal area is minimum
and maximum. The exact orientation at which maximum drag and lift will
occur is combination of two factors, the pressure difference and projected
area. One may assume that the maximum drag ought to occur at θ =
180◦, as the projected area is maximum. Though, in reality it happens at
θ ≈ 153◦, as the pressure distribution around the particle is relatively more
suitable for the drag-maxima. Due to symmetrical shape of the particles, the
drag/lift maxima and minima occurs 180◦ apart. Interestingly, the difference
in orientation of the maximum (or minimum) for drag and lift is 45◦.
In future work, we will continue these analyses with particles of varying
shape and rotation rates to develop a more general model to estimate key
flow features such as maximum, minimum, and mean forces on a particle,
and the phase difference between the drag and lift forces with the frontal
area.
4.2. Stationary versus rotating ellipsoid
In the previous subsection we discussed in detail the dynamics of flow
around the rotating ellipsoidal particles, and highlighted the combined effect
of rotation and shape on the dynamics of flow. In this section, we demon-
strate that modeling the rotation of the particle is important for accurately
capturing the physics of the flow around it and the forces experienced by
the particle. This is motivated by the fact that in the literature, there are
no relationships for CD and CL of ellipsoidal particles that account for the
rate of rotation (Ω∗). Studies try to model the effect of rotation through
relationships, which have a parameter that accounts for the orientation of
the particle [5]. Even the recent DNS studies try to capture the effect of
rotation using simulations of static particles at different orientations [25, 26].
In order to demonstrate the difference in forces felt by the particle with and
without rotation, we conducted four additional DNS of non-rotating particles
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(a) θ ≈ 90◦(minimum frontal area) (b) θ ≈ 180◦(maximum frontal area)
(c) θ ≈ 242◦(minimum drag) (d) θ ≈ 153◦(maximum drag)
(e) θ ≈ 235◦ rotating ellipsoid
Figure 12: Velocity magnitude contours on the y-z plane passing through the center of
the ellipsoid with ay = 0.75D at different θ. (a) θ ≈ 90◦, (b) θ ≈ 180◦, (c) θ ≈ 242◦, and
(d) θ ≈ 153◦ show the static ellipsoid at different orientation angles, and (e) shows the
rotating ellipsoid at θ ≈ 235◦ for comparison purposes.
at different orientations, θ = 90◦, 153◦, 180◦, and 242◦, for the ellipsoid with
ay = 0.75D, as shown in Fig. 12. The orientations were chosen to match
with the rotating case’s maximum and minimum drag, and maximum and
minimum projected area.
In Fig. 12, the velocity magnitude from four non-rotating DNS has been
plotted with a snapshot (at θ ≈ 235◦) from the rotating case. One can ob-
serve a clear distinction in the pattern of the flow between the non-rotating
cases and the rotating case, even between the two cases with similar par-
ticle orientation. The difference in pattern of vortex shedding behind the
rotating case (Fig. 12 e), and the corresponding non-rotating case (Fig. 12
c) makes it obvious that the forces acting on the particles will be different.
This is expected based on the discussion in the previous subsection, where
we observed the flow going through a continuous series of attachment and
detachment from the particle. These results prove that neglecting the rota-
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Figure 13: Comparison of the (left) lift and (right) drag forces on the static ellipsoid at
different θ along with comparison for the forces on rotating sphere and ellipsoid.
tion of the particle is an inaccurate approach for modeling the dynamics of
rotating anisotropic particles. The forces acting on the static particles have
been plotted with the forces acting on the rotating sphere and the rotating
ellipsoid (see Fig. 13).
For the static particles, as expected, the particle experiences maximum
drag at the 180◦ orientation, and the magnitude is not only substantially
different from maximum and minimum of the rotating case, even the mean
drag (ensamble averaged) for the rotating case is about 10 % more than the
static case. Similar pattern also shows up for lift on the particle. Fig. 12
clearly shows that while existing literature could help us estimate drag or
lift coefficients using the forces calculated from the simulations [25, 20], if
either the shape or the rotation of the particle is not accounted for, these
correlations cannot be used to accurately predict the motion of the particles.
5. Conclusion
In this paper, we have presented some of the preliminary results from the
ongoing study on flow past rotating particles. The study is motivated by the
need to understand the effect finite sized rotating non-spherical particles have
on the flow, and to estimate the resultant forces that act on the particle. For
the study, DNS was conducted using a highly-scalable implementation of the
recently developed moving nonconforming Schwarz-SEM for three rotating
particle cases (a sphere and two ellipsoids) and for four static particles in
24
different orientations. Unlike the rotating sphere, where the flow is steady
near the surface with a shear layer instability growing downstream of the
sphere, the flow for the ellipsoidal particles experienced recurring separation
and reattachment on its surface. The rotating spherical and ellipsoidal parti-
cles were found to bring an attached high-speed flow region from the leeward
to the windward side, which results in the Magnus-Robinson effect for the
sphere. For the ellipsoidal particles, it manifests as time-evolving high and
low pressure zones around the particle, resulting in the flow that determines
the angle of rotation at which the flow experiences maximum and minimum
drag and lift forces. Additionally, we observe that changing the shape of the
particle from sphere to an ellipsoid leads to a decrease in the time-average
lift on the particle, in comparison to the spherical particle. This happens
irrespective of increase or decrease in ay. Whereas time-averaged drag was
found to increase with increase of ay, and decrease with decrease of ay. This
observation is important because particles are often modeled as spheres, and
the drag and lift coefficients are usually assumed to be those associated with
a sphere. We also observe that explicitly modeling particle rotation is essen-
tial for accurately capturing the impact of the particle on the flow, and the
forces acting on itself.
In the future, we will conduct more DNS simulations in order to analyze
and understand how shape of the particle, rotation speed and axis of the
particle, and the speed of the background flow impact the flow dynamics
and forces acting on the particle. This information will be used to develop
correlations for CD and CL, that accurately account for the effect of shape and
rotation of the particle. Finally, the current study lays the ground work for
developing efficient nonconforming Schwarz-SEM based models for accurately
simulating fully-resolved dynamics for thousands of particles.
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